To assess left ventricular (LV) diastolic filling in children with pressure overload hypertrophy, 12 patients with LV outflow obstruction (7 with aortic valve stenosis and 5 with aortic coarctation) and 12 healthy, age-matched control subjects were examined. Each child underwent M-mode echocardiography and pulsed Doppler examination of the LV inflow. The patients with LV outflow obstruction had cardiac catheterization and balloon angioplasty. Their echo/Doppler examinations were performed in the catheterization laboratory before and immediately after balloon angioplasty.
To assess left ventricular (LV) diastolic filling in children with pressure overload hypertrophy, 12 patients with LV outflow obstruction (7 with aortic valve stenosis and 5 with aortic coarctation) and 12 healthy, age-matched control subjects were examined. Each child underwent M-mode echocardiography and pulsed Doppler examination of the LV inflow. The patients with LV outflow obstruction had cardiac catheterization and balloon angioplasty. Their echo/Doppler examinations were performed in the catheterization laboratory before and immediately after balloon angioplasty.
From the M-mode echocardiogram, the LV cavity dimensions and wall thicknesses, LV mass and shortening fraction were measured. The following measurements were made from the Doppler recording:
peak velocities at rapid ventricular filling (peak E) and during atrial contraction (peak A), ratio of peak E to peak A velocities, total area under the Doppler curve, percent of the total Doppler area occurring in the first onethird of diastole (0.33 area fraction), percent of the total area occurring under the E wave (E area fraetion), percent of the total area occurring under the wave (A area fraction) and the ratio of E area to area. Before balloon angioplasty, the patients with L obstruction had higher peak E velocity In the patient group, 0.33 area fraction was significantly lower (0.38 * 0.07 vs 0.67 rt 0.09, p CO.01) and A area fraction was significantly higher (8.44 f 0.14 vs 0.23 f 0.07, p CO.01) than in the ts. Also, patients with LV outflow obgreater LV wall thickness, smaller LV ions and greater LPI mass compared ubjects. In patients before and after oon angloplasty, there was a significant decrease in LV outflow gradient (64 f 23 vs 33 i 2 but as no change in any sure hMS, dren with L n ha rmal early diastolic relaxation with a shift in filling toward late diastole. Immediately after successful relief of the systolic pressure overload, diastolic filling patterns are unchanged, suggesting that hypertrophy rather than afterload mismatch is the primary determinant of the impaired relaxation.
(Am J Cardiol 1989;63:23 l-236) R ecent studies using noninvasive techniques show that abnormal patterns of left ventricular (LV) diastolic filling occur in patients with aortic ste,-nosis. M-mode echocardiographic studies have shown decreased LV relaxation rates, decreased LV posterior wall thinning rates, prolonged LV relaxation times and decreased percent of total diastolic flow occurring dup ing rapid filling in patients with pressure overload hypertrophy compared with normal subjects-" Pulsed Doppler echocardiography is another noninvasive technique that has been used to evaluate LV diastolic fillinga5-12 Doppler diastolic indexes have correlated closely with those measured from cineangiography5 and radionuclide angiography.8J3,'4 From the mitral valve Doppler recording, peak flow velocities, filling rates and the proportion of flow in the various phases of diastole can be measured. In this study, we hypothesized that children with pressure overload hypertrophy due to LV outflow obstruction have abnormalities of LV diastolic filling. Further, if hypertrophy rather than afterload mismatch were the principal determinant of impaired diastolic filling, then diastolic filling should be unchanged immediately after successful relief of the systolic pressure overload. To test this hypothesis, we assessed LV diastolic filling with Doppler echocardiography in a group of children with LV outflow obstruction before and immediately after balloon angioplasty.
METHODS
Patients: The study included 12 children with LV outflow obstruction and 12 age-matched, normal control subjects. The normal group consisted of 4 girls and 8 boys with no evidence of heart disease on physical examination or by echocardiography. They were 3 to 17 years old (mean 8.6) and weighed 12.3 to 73 kg (mean 33).
The patient group included 5 girls and 7 boys who were randomly selected from all children with LV outflow obstruction undergoing cardiac catheterization between June 1985 and September 1987. Selection criteria included (1) evidence of significant LV outflow tract gradient by physical examination, echocardiography and cardiac catheterization, (2) presence of obstruction severe enough to require treatment with balloon angioplasty, (3) absence of additional congenital defects such as mitral stenosis, left-to-right shunts or right ventricular outflow obstruction and (4) absence of significant aortic or mitral regurgitation by cineangiography before and after balloon angioplasty. The patient group was 3 to 17 years old (mean 8.6) and weighed from 16 to 64 kg (mean 3 1.5). Seven children had aortic valve stenosis and 5 had coarctation of the aorta. Three of the aortic stenosis patients had a previous aortic valvulotomy in infancy, 1 had previous balloon valvuloplasty and 2 coarctation patients had previous surgical repair of the coarctation. No patients were receiving cardiac medications.
Cardiac catheterization:
The patient group underwent left-and right-sided heart catheterization after being premeditated with diphenhydramine and droperidol. Peak-to-peak pressure gradients across the obstruction and thermodilution cardiac indexes were measured before and after balloon dilatation. Left ventricular cineangiograms were obtained in all patients before balloon angioplasty and in all aortic stenosis patients after balloon angioplasty. Aortic cineangiograms were obtained in all patients before and after balloon angioplasty.
Echocardiographic examination:
All study participants underwent an M-mode echocardiographic examination of the left ventricle and a pulsed Doppler examination of the LV inflow, The control subjects were examined at rest in the echocardiography laboratory; the patients were examined in the cardiac catheterization laboratory both before and immediately after balloon angioplasty.
M-MODEECHOCARDIOGFUPHICSTUDIES:
M-mode echocardiograms of the left ventricle were generated from the 2-dimensional sector scanner (Advanced Technology Laboratories Mark 600 or Ultramark 8, 3-or 5-MHz transducers) using a cursor line positioned at the free edges of the mitral valve leaflets in the parasternal short-axis view. From the M-mode echocardiogram, the LV posterior wall, septum and LV dimension were measured at end-diastole at the beginning of the Q wave on the electrocardiogram.15, 16 The LV dimension at endsystole was measured as the smallest systolic dimension. The shortening fraction was calculated as the change in LV dimension that occurred from end-diastole to endsystole divided by the LV end-diastolic dimension. The LV mass was calculated using the Penn convention and the following formula:17T18
where LVDD = left ventricular end-diastolic dimension; LVPW = left ventricular posterior wall thickness in diastole; and IVS = interventricular septal thickness in diastole. Indexed LV mass was obtained by dividing LV mass by the body surface area. PULSED DOPPLER STUDIES: Pulsed Doppler examinations of the LV inflow were obtained using the apical 4-chamber view for operator guidance. The Doppler cursor line and sample volume were placed in the mitral valve funnel at an angle as parallel to flow as possible. The sample volume position was adjusted so as to record maximal velocities through the mitral valve (usually near the tips of the leaflets). The Doppler examinations were recorded simultaneous with the electrocardiogram at paper speeds of 50 mm/s. From the Doppler spectral recordings, the peak velocities during rapid ventricular filling (peak E) and atria1 contraction (peak A) were measured for at least 3 cardiac cycles and the ratio of peak E to peak A velocities was calculated.
To examine the Doppler patterns of LV diastolic filling, several areas under the Doppler spectral tracing were integrated using methods previously described by US.~,~ The measured areas ( Figure 1 ) included: (1) the total area under the velocity envelope throughout diastole, (2) the area under the velocity curve for the first 33% of diastole (0.33 area), (3) the E area or the triangular area formed by extrapolating a straight line down from the peak E velocity to the baseline and (4) the A area or the triangular area formed by extrapolating a straight line from the peak A velocity to the baseline. To determine the percent of the total velocity envelope occupied by the individual areas, the area fractions were calculated as the individual areas divided by the total Doppler area. Also, the ratio of the E and A areas was calculated.
All Doppler areas were traced using a cross-wire cursor, a microprocessor and commercially available computer software (Freeland Medical Systems). The Doppler areas were traced along the densest portion of the curve (the modal velocity). Doppler peak velocities were measured as the highest value of the velocity displayed at the outermost border of the spectral recording.
~tattst~cal analysis: Three or more cardiac cycles were measured and averaged to obtain each M-mode and Doppler echocardiographic value. Statistical comparisons between the control subjects and the patient group and between the patient group before and after balloon were made using paired t tests. Adjustments were made for multiple comparisons and a 2-tailed p value KO.05 was used to indicate a significant intergroup difference. All values are reported as mean f standard deviation.
The relation between pre-balloon Doppler indexes and LV mass was assessed in the patient group using linear regression analysis; p <0.05 was considered a significant correlation.
RESULTS
Patients: The patient group and the control group did not differ in age, weight or heart rate. At the time of cardiac catheterization, all members of the patient group had successful relief of their LV outflow obstruction with balloon angioplasty. Peak-to-peak systolic pressure gradient before balloon angioplasty (64 f 23 mm Hg) was significantly higher than that after (33 f 22 mm Hg, p <O.OOl). Before and after balloon angioplasty, cardiac index (3.74 f 0.47 vs 3.86 f 0.63 liters/ min/m2, p = 0.49) and LV end-diastolic pressure (14.5 f 4.9 vs 11.8 f 6.2 mm Hg, p = 0.10) were unchanged. No patient developed significant aortic or mitral regurgitation after balloon angioplasty. before balloon angioplasty are listed in Table II . The patient group had a higher peak E velocity and a much higher peak A velocity than the control group; therefore, the ratio of peak E to peak A velocity was significantly lower in the patient group. Total area under the velocity envelope was significantly lower in the normal subjects. In the patient group, the percent of the total Doppler area occurring in the first third of diastole was significantly lower and the percent of the total Doppler area occurring under the A wave was significantly higher. The percent of the total Doppler area occurring under the E wave was the same in the 2 groups; therefore, the ratio of E area to A area was significantly lower in the patient group. The LV posterior wall and septal thickness and the LV mass were significantly greater in the patient group than in the normal subjects. The LV diastolic dimension of the patient group was smaller than that of the control *p<o.o1 pre YS Cl1 **p<o.o1 pre "S post n CTL PEAK E PEAK A FIGURE 2. Doppler peak velocities measured in control (Ctl) subjects and patients with LV outffow obstruction before (Pre) and immediately after (Post) balloon angioplasty. A = velocity during atrial contraction; E = velocity during rapid ventricular filling.
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COMPARISONS OF PATIENTS WITH LEFT VENTRICULAR OUTFLOW OBSTRUCTION BEFORE AND AFTER BALLOON ANGI-
OPLASTY: No differences were observed in any Doppler velocities, area fractions or ratios following successful relief of the LV outflow obstruction (Table III) . Mmode echocardiographic measurements of LV dimensions and shortening fraction did not change after balloon angioplasty. Figures 2, 3 and 4 summarize the Doppler measurements that were most useful for distinguishing normal subjects from patients with LV outflow obstruction.
CORRELATION OF BEFORE BALLOON DOPPLER INDEXES WITH LEFT VENTRICULAR
MASS: To determine if the severity of the diastolic filling abnormality was related to the extent of LV hypertrophy, each before-balloon Doppler index was correlated with indexed LV mass using linear regression analysis. None of the Doppler indexes correlated significantly with LV mass. The only variable that correlated with LV mass was the before-balloon catheterization gradient (correlation coefficient = 0.59, p = 0.06); however, this relation did not reach statistical significance. 
DISCUSSION
This study shows that children with severe LV outflow obstruction have an abnormal pattern of LV diastolic filling detectable by mitral valve Doppler examination. The decrease in the percent of the total area in the first one-third of diastole and the increase in the percent of the total area under the A wave suggest a relative shift of LV filling to late diastole probably caused by impaired early diastolic relaxation. If LV hypertrophy alone were the cause of impaired LV relaxation, then regression of LV hypertrophy should be accompanied by a return of diastolic filling patterns toward normal. This question could be addressed in long-term studies of patients who have had successful relief of LV outflow obstruction and resultant decrease in LV hypertrophy. We attempted such a study in our patient group; however, in the patients with aortic stenosis, Doppler gradients tended to reoccur within 1 to 2 years of balloon angioplasty and regression of LV hypertrophy did not occur. Such a long-term study may be possible in patients with coarctation of the aorta, in whom restenosis seldom occurs after successful balloon angioplasty.
The muscle load during contraction has an effect on the extent of muscle shortening and the rate of muscle lengthening. Failure to normalize LV wall stress (afterload mismatch) could account for the manifestations of impaired LV relaxation seen in patients with pressure overload hypertrophy. 23-25 Since diastolic filling abnormalities did not revert toward normal in our patient group following removal of the high afterload and reduction of LV systolic pressure to normal, it is unlikely that the filling abnormalities were caused by an afterload mismatch.
Finally, an interaction between subendocardial ischemia and changes in cytosolic calcium transport could cause the impaired myocardial relaxation seen in patients with hypertrophy. The interaction between these 2 factors could explain why impaired relaxation occurs in patients with pressure overload hypertrophy but not in young athletes with physiologic hypertrophy. 21, 22 Factors affecting the mitral valve Doppler indexes:
Diastolic indexes of LV relaxation can be influenced by several factors including age, heart rate, systolic function and LV loading conditions.15,23m25 Several studies have shown that the mitral valve Doppler indexes are affected by aging in normal adults.26,27 With increasing age, peak E velocity decreases, peak A velocity increases, E/A velocity ratio decreases and the A area fraction increases. In this study, differences in LV diastolic filling patterns between the children with LV outflow obstruction and the normal children cannot be explained on the basis of age, heart rate, systolic function or LV loading conditions. The control and patient groups were agelmatched and the heart rates of the 2 groups were not different. Both groups had normal systolic function, as assessed by M-mode shortening fraction. Changes in preload can alter the mitral valve diastolic filling indexes.2x In our study, the patients with LV outflow obstruction had a slightly smaller LV diastolic dimension compared to the normal children; however, at catheterization, their cardiac indexes were normal. Further, all children with significant aortic or mitral regurgitation (either before or after balloon angioplasty) were excluded from the study because they would be expected to have abnormal early diastolic filling due to increased preload. Finally, LV afterload was not the direct cause of the differences in LV filling observed between the patient and control groups as these differences did not change when the afterload was successfully decreased by balloon angioplasty. Although our control and patient groups did not differ in age, weight, body surface area or heart rate; it is interesting that the total area under the Doppler curve of the patient group was significantly larger than that of the control group. We believe that this difference is not due to differences in volumetric flow across the mitral valve but, rather, is due to an increase in LV filling pressure and a continuous decay of the LV pressure into late diastole that has been described in patients with severely impaired LV relaxation.21,28 The high LV filling pressures and continuous, slow rate of decay of the LV pressure into diastole result in a continuous large instantaneous pressure gradient between the left atrium and left ventricle throughout diastole. With a continuous pressure gradient throughout diastole, mitral valve inflow velocities do not return to the baseline after the peak E and before the peak A velocities. Hence, the total area under the mitral valve Doppler recording is greater. Further investigations of simultaneously recorded left atrial,and LV pressures and mitral valve inflow Doppler tracings are needed to verify this explanation.
